In previous work, mouse lines were selected for eight generations for resistance (R) or susceptibility (S) to endophyte-infected fescue toxicosis using depression in postweaning gain caused by a toxin-containing diet as the selection criterion. Characterizing biological changes associated with resistance or susceptibility in those mice might suggest genetic or therapeutic approaches to alleviate fescue toxicosis in cattle. The first objective of the current experiment was to determine whether the toxin-containing diet depressed reproduction and mature size more severely in S than in R mice. The second was to investigate line and diet effects on hepatic glutathione-S-epoxytransferase (GST) and uridine diphosphate glucuronosyl-transferase (UDPGT) activities and to relate enzyme activities to reproduction within line by diet groups. Twentyeight pairs per line (S or R) × diet (toxin-containing [+] or toxin-absent [−]) group cohabitated for 36 wk. The + diet depressed the number of pups born and weaned and litter weight weaned (P < .01) within the first two litters produced. Diet effects were greatest early in the experiment. Percentage changes in reproduction caused by the + diet for R and S pairs, respectively,
Introduction
Tall fescue (Festuca arundinacea Schreb.) is a welladapted, hardy, cool-season forage grass grown extensively in the southeastern United States. Concomitant with its agronomic benefits, fescue infected with the endophytic fungus Neotyphodium coenophialum causes fat necrosis, fescue foot, and summer syndrome in cattle, resulting in large economic losses to the beef industry (Paterson et al., 1995) . Mice, as animal models, 1 Correspondence: phone: 540-231-4733; fax: 540-231-3010; Email: whohenbo@vt.edu.
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were −13 and −28 for total pups born, −10 and −25 for total pups weaned, −13 and −14 for total litters produced, and −30 and −42 for total litter weight weaned. The S line mice were heavier than R line mice on both diets, but the + diet had a larger depressing effect on mature size of S line than of R line males (line × diet interaction, P = .09) and females (interaction not significant). Averaged across diets, GST activity was higher in R than in S dams (P = .05) at 44 wk of age but was not affected by diet or line × diet. Activity of GST was correlated with number of pups born (−.50), number of litters produced (−.44), and survival percentage (.40) within the R− group; in the R+ group, GST activity was correlated only with survival percentage (.37). In the S− and S+ groups, GST activity was not correlated with any reproductive trait. Line, diet, and their interaction did not affect UDPGT activity, and UDPGT activity was not correlated with any reproductive trait in any line × diet group. Selected lines differed in response to a toxin-containing diet as measured by its effect on reproduction and mature size. The R and S mice also differed in GST activity, but GST activity was correlated with reproductive traits only in R-line mice.
are inexpensive to maintain and exhibit measurable reproductive responses to endophyte-infected fescue in the diet (Zavos et al., 1987 (Zavos et al., , 1990 Godfrey et al., 1994) . As described by Hohenboken and Blodgett (1997) , ICR mice in our laboratory were divergently selected for eight generations based on the impact of a toxincontaining diet on postweaning growth. During four subsequent generations of relaxed selection, activities of three liver detoxification enzyme families in the resulting susceptible (S) and resistant (R) line also were examined. Genetic line, diet, and their interaction did not significantly affect cytochrome P450 and b5 activity. However, glutathione-S-epoxytransferase (GST) activity was higher in livers from R than in those from S mice, regardless of diet consumed. In adults fed a toxincontaining diet, uridine diphosphate glucuronosyl-transferase (UDPGT) activity was higher in livers of R than in livers of S mice. At weaning, UDPGT activity was higher in R than in S mice. Activity of this enzyme increased in the R line but decreased in the S line with advancing age.
The primary objective of this experiment was to determine whether bidirectional selection of mouse lines created divergence in adaptability to a toxin-containing diet, as measured by the impact of the toxin-containing diet on reproduction and mature size of continuously mated R and S pairs. Second, did GST and UDPGT activities differ between lines, and were liver enzyme activities correlated with reproductive traits within genetic line × diet groups?
Materials and Methods
Animals and Management. This experiment was conducted in compliance with institutional animal care and use policies and regulations. Generation 12 offspring from both lines were weaned at approximately 3 wk of age from dams that had never consumed toxin-containing diets. Offspring were individually identified and randomly assigned, four like-sexed mice per cage, for a 4-wk growing period. Within each line, half the cages were provided a finely ground and thoroughly mixed toxin-containing diet (+) composed, by weight, of 50% rodent food (Harlan Teklad 7001, Harlan Sprague Dawley, Madison, WI) and 50% endophyte-infected "KY-31" fescue seed. Remaining cages were provided a ground and mixed nontoxic diet (−) of 50% rodent food and 50% certified endophyte-free "Forager" fescue seed. This divided the population into four groups: resistant mice fed a nontoxic diet (R−), resistant mice fed a toxic diet (R+), susceptible mice fed a nontoxic diet (S−), and susceptible mice fed a toxic diet (S+). Mice were weighed every 7 d. At approximately 8 wk of age, 28 males and 28 females were randomly chosen from each line × diet group and randomly mated (except that brother/sister matings were prohibited), for a total of 112 pairs. Throughout the experiment, fresh food was provided two times per week. Feed intake was not recorded.
One mated pair from each treatment combination was then assigned at random to one of four adjacent cages in each of 32 blocks in two standard rodent cage racks. Transparent plastic cages measured 15 × 21 × 29 cm and were equipped with nipple-flow watering devices and paper fiber bedding. The room temperature averaged 24°C and fluorescent lighting was provided from 0700 to 1900 daily. For the duration of the experiment, mated pairs continued on the same diet they had received during the 4-wk growing period.
Reproduction. Pairs were maintained in continuous cohabitation for 36 wk. Mice were checked daily for new litters and the number of pups born, including dead pups, was recorded. Litters were weaned and pups individually weighed and killed at an intended 18 d postpartum (range 17 to 21 d). Pairs that failed to produce pups within 56 d of their initial pairing or of their previous parturition were eliminated from the experiment. During cohabitation, each pair was weighed every 4 wk and each time that they weaned a litter.
Data recorded from each parturition were accrued as the total number of pups born (TBORN), of pups weaned (TWEAN), and of litters produced (TNUM) by each pair. After adjustment of each litter weaning weight to a standard age of 18 d, weaning weights of all litters produced per pair were totaled (TWGHT). The adjustment was accomplished by dividing litter weight by days of age at weaning, multiplying that value by days of age at weaning minus 18, and subtracting that product from the actual litter weight weaned. A fifth variable, survival percentage, was computed by dividing TWEAN by TBORN.
Reproductive traits also were examined by dividing the study into four 57-or 58-d phases, beginning from the day that the first litter was born. The number of pups born, number of pups weaned, number of litters produced, and adjusted litter weights per pair were accrued within each such quartile. This allowed us to examine whether changes in reproduction across time were equal among line × diet groups.
A first reproductive interval (INT1) was calculated by computing the elapsed time from date of initial cohabitation to date of first parturition, and INT2 was the interval between first and second parturition dates.
Growth Curve Analysis.
For 100 males and 100 females surviving until the end of the experiment, growth curves were fit using age and weight to the nearest .1 g at weaning, every 7 d for 5 wk following weaning, every 4 wk from pairing until the end of the experiment, and each time that a litter was weaned. All records were used for males. For females, data were excluded if the weight had been recorded within 7 d of the next parturition.
A growth curve was fit for each individual using the monomolecular Brody (1945) Liver Enzyme Activity Determination. After 36 wk of cohabitation, sires and dams were killed by CO 2 asphyxiation and livers were harvested, individually bagged and identified, and stored on ice for between 10 and 90 min. Livers were then stored at −70°C for approximately 18 mo. Ninety-one livers from female mice were divided into seven groups containing nearly equal numbers from the R+, R−, S+, and S− groups, and each of the seven groups was processed on a different day. Measurement of GST activity was based on methodology of Kaplowitz et al. (1975) as described in Hohenboken and Blodgett (1997). The procedure was modified in this experiment to include the use of a microplate Table 1 . Least squares means and significance levels for the effects of line and diet on reproductive traits during the first two parturitions of resistant (R) and susceptible (S) mice fed a nontoxic (−) or toxin-containing (+) diet reader (Spectramax 250, Molecular Devices Corporation, Sunnyvale, CA). Using .5 mM 1,2-epoxy-(p-nitrophenoxy) propane as a substrate, a 300-L solution containing 10 mM GST, 25 mL liver cytosol, and 175 L sodium phosphate buffer (pH 6.5) was incubated at 37°C for 11 min in a microplate reader. Enzyme activity was determined as the change in absorbance at 360 nm over the 11-min incubation (ε 360 = .5 mؒM
). Activity of UDPGT was determined as the change in absorbance at 550 nm (ε 550 = 3.9 × 10 4 ؒM −1 ؒcm −1 ) using procedures described by Dutton et al. (1981) and modified by Hohenboken and Blodgett (1997) .
Statistical Methods. Data for reproductive traits and
A, B, and K estimates from fitting individual growth curves were analyzed using the GLM procedure in SAS (1985) . The model included sources of variation for line, diet, line × diet, block, and residual. Growth curves constructed using least squares means for A, B, and K were plotted for each line × diet group in each sex. The model to analyze enzyme activity data included line, diet, line × diet, block or day, and residual. Block (the four adjacent cages in a rack) was dropped from final Table 2 . Least squares means, pooled standard errors, and significance levels for the line × diet interaction effect on reproductive traits during the first two parturitions of resistant (R) and susceptible (S) mice fed a nontoxic (−) or toxin-containing (+) diet models in all analyses because its influence on reproductive traits and liver enzyme activities was never significant. Correlations between reproductive traits and GST and UDPGT activities were computed within line × diet groups.
Results and Discussion
Initial Reproduction. As shown in Table 1 , most of the reproductive traits either differed significantly between lines during the first parity (INT1, LITWT1) or became significantly different by the second (NBORN2, NWEAN2). Averaged across diets, the intervals from pairing to first parturition (INT1) and between the first and second parturitions (INT2) were approximately 3 d longer for S than for R mice. These intervals are dependent on time between initial pairing and copulation, conception rate, gestation length, and interval from parturition to subsequent copulation. It was not possible, however, to determine which combination of these factors was responsible for the observed line difference. Resistant mice delivered and weaned signifi- cantly more pups than S mice during the second parturition. Pup survival percentages between birth and weaning were similar for the two lines (82.4 vs 79.6% for first litters and 83.6 vs 80.6% for second litters of R and S mice, respectively). Average individual pup weaning weight also was essentially equal for R and S pairs, at approximately 5 g per mouse. Averaged across lines, the + diet had a detrimental impact on all reproductive traits in both the first and the second parity.
As shown in Table 2 , the line × diet interaction effect was significant for NBORN1, NWEAN1, and LITWT1. These traits were more severely depressed by the + diet in S mice than in R mice. During the second parity, trends were similar. The effect of the + diet was greater in S mice than in R mice for all traits, but the line × diet interaction effect for INT2, NWEAN2, and LITWT2 was not statistically significant.
Reproduction within Time Quartiles. Mice were
Housed in pairs for 36 wk in order to determine whether any differential impact of the + diet on reproduction increased, decreased, or remained constant over time. With advancing age, a biological source of stress, did R and S mice adapt to a toxicological stress in the same Table 3 . Least squares means and significance levels for the effects of line and diet on total reproduction of resistant (R) and susceptible (S) mice fed a nontoxic (−) or toxin-containing (+) diet during 36 wk of cohabitation Figure 1 . During the first time period, the + diet severely depressed the number of mice weaned per pair in S mice but had little effect in R-line pairs. In the second quartile, by comparison, the + diet had a similar depressing effect on number of mice weaned in both lines. This effect was larger than in the previous phase in the R line but smaller than in the previous phase in the S line. In the third and fourth time periods, the + diet did not significantly depress the number of offspring weaned in either line. In the S line, the detrimental impact of the + diet on number of pups weaned per time interval decreased with time. In the R line, however, the impact did not change in any systematic fashion. Data for number of pups born and for total litter weight weaned per mated pair showed patterns similar to those described above during the four time periods and are not shown.
These results indicate that resistance to fescue toxicosis is expressed early in the productive life of individuals but is not magnified as the animals age. Susceptibility, however, may moderate over time. These observations are not likely a result of natural selection removing the most susceptible pairs from the experiment earlier in life, because mortality percentages and patterns were similar among all of the line × diet groups (data not shown).
Cumulative Reproduction. As shown in Table 3 , averaged across diets, the R line was significantly superior to the S line for all reproductive traits except pup survival percentage. Averaged across lines, the + diet caused significant and substantial reductions in all traits except pup survival percentage. Diets containing endophyte-infected fescue are known to influence both male and female reproduction in rodents (Zavos et al., 1987 (Zavos et al., , 1990 Godfrey et al., 1994) . It was not possible in this study to determine the extent to which males vs females were affected.
As shown in Table 4 , no statistical significance for line × diet interaction effects was detected for any of the cumulative reproductive traits. Percentage reductions in a trait caused by the + diet for R and S mice, Table 4 . Least squares means, pooled standard errors, and significance levels for the line × diet interaction effect on total reproduction of resistant (R) and susceptible (S) mice fed a nontoxic (−) or toxin-containing (+) diet during 36 wk of cohabitation respectively, were 13 and 28 for total number of pups born, 10 and 25 for total number of pups weaned, 13 and 14 for total number of litters produced, and 30 and 42 for total weight of pups weaned.
Growth Curve Analysis. Least squares means and standard errors of growth curve parameters in males and females are presented in Tables 5 and 6 , respectively. Postweaning growth curves for each line × diet group are shown in Figures 2 and 3 for males and females, respectively.
Averaged across diets, S males were 2.3 g, or 6.5%, heavier (P < .01) and S line females were 1.0 g, or 2.8%, heavier at maturity than their R-line contemporaries (P = .08). Diet also influenced mature weight (P < .01) in both males and females. Averaged across lines, males on the + diet were 2.2 g, or 5.7%, lighter at maturity than males on the − diet, and females on the + diet were 3.5 g, or 8.9%, lighter than females on the − diet. The + diet reduced mature weight by 3.3 g, or 8.2%, in S males but by only 1.1 g, or 3.0%, in R males (line × diet interaction, P = .09). In females, the depression in mature weight caused by the + diet equaled 4.4 g (10.8%) in the S line and 2.7 g (6.9%) in the R line, but the line × diet interaction was not statistically significant. In males, lines did not differ nor did line interact with diet for K, the maturation rate parameter. Because of the diet-induced reduction in mature weight, males on the + diet had a numerically larger maturing rate than males on the − diet (K = .220 vs .197 respectively, P = .04). In females, neither line, diet, nor their interaction influenced K.
Divergent selection for resistance to fescue toxicosis caused a correlated response in mature weight, both when mice were challenged or were not challenged by a diet containing toxins from endophyte-infected fescue seed. Susceptible males on the − diet had asymptotic mature weights 3.4 g (9.4%) heavier than those of R males on the same diet, and susceptible females on the − diet had asymptotic mature weights 1.9 g (4.8%) heavier than those of R females on the − diet. On the + diet, S males were 1.2 g (3.5%) heavier than R males at maturity, but S females were only .2 g (.5%) heavier than R females. The maturing rate parameter, K, did not differ between lines in either sex, so selection had not altered postweaning rate of maturity.
As shown in Figures 2 and 3 , average weaning weights of parents ranged from 14 to 17 g for females and from 15 to 20 g for males of the four line × diet groups. Mice produced by these parents during the experiment were much lighter than this, averaging ap- proximately 5 g in all line × diet groups for the first two litters. At least three factors contributed to these diminutive weaning weights. First, the mice were weaned at a target age of only 18 d, so that dams would not be lactating when their next litter was born. In the parental generation, by comparison, the youngest litter was 21 d of age at weaning. Second, in the parental generation litters with more than 11 pups at birth were reduced to 11 within 3 d of birth. During this experiment, however, each dam was allowed to attempt to rear as many offspring as she produced. Consequently, some pups faced competition for maternal nutrition. Third, parents of the parental generation had been fed a standard laboratory rodent diet from their own weaning through rearing of their litters. By contrast, parental generation mice were fed a 50% commercial rodent food, 50% fescue seed diet (either + or −) from weaning through the duration of the experiment. This diet is not likely to have supported as high a level of milk production as the commercial rodent food fed to their parents. Table 7 . Least squares means and significance levels for line and diet effects on liver enzyme activities of resistant (R) and susceptible (S) mouse lines fed a nontoxic (−) or toxin-containing (+) diet during 36 wk of cohabitation Hepatic Enzyme Activities. Least squares means for line and diet effects on liver enzyme activities and their significance levels are shown in Table 7 . Table 8 documents least squares means, pooled standard errors, and significance levels for line × diet groups. Diet and line × diet interaction effects were not significant for GST activity. However, averaged across diets, R mice had higher GST activity than S mice. These results are consistent with findings of Hohenboken and Blodgett (1997) , who reported that liver GST activity was higher in R mice than in S mice under a variety of experimental conditions. In the current experiment, UDPGT activity did not differ significantly between lines or diets, and the line × diet effect also was not significant. In a series of five experiments described by Hohenboken and Blodgett (1997) , UDPGT activity generally was higher in R than in S mice, but results varied depending on the age at which mice were examined and whether they had been on the + or the − diet.
We had expected GST and UDPGT activities to be higher in R than in S mice based on previous studies Table 8 . Least squares means, pooled standard errors, and significance levels for the line × diet interaction effect on liver enzyme activity of resistant (R) and susceptible (S) mice fed a nontoxic (−) or toxin-containing (+) diet during 36 wk of cohabitation of these lines. The current experiment confirmed that GST activity differed between lines, but UDPGT activities did not. In the studies of Hohenboken and Blodgett (1997) , mice were compared during the 1st through 5th wk following weaning. Glucuronidation activity has been reported to decrease as animals age (Dauterman, 1980) . Zhu et al. (1995) showed that the extent of UDPglucuronyltransferase induction with sodium phenobarbital differed with age in female rats. Lundqvist and Morgenstern (1995) found that the ability of Nethylmalemide to induce glutathione transferase activity in female rats was significantly lower early (35-100 d) and late (300-550 d) in life, compared to the intermediate age range. It is possible therefore that GST is a more important enzyme system than UDPGT for detoxifying components in toxic fescue seed in adult mice. Measuring enzyme activities from mice at younger ages may have identified different relationships.
Correlations Between Enzyme Activities and Reproduction. With few exceptions, correlations within line
× diet groups between reproductive traits and liver enzyme activities of 44-mo-old dams were small (Table  9 ). Only 4 of 40 correlations were statistically significant, few more than would be expected by chance. Three of the four significant correlations were observed in the R− group. Dams with higher than average GST activity tended to produce fewer litters (r = −.50) and fewer total TBORN is total number of pups born; TWEAN is total number of offspring weaned; TNUM is total number of litters produced; TWGHT is total adjusted litter weight weaned; SURVIV is (number of pups weaned)/(total born, alive plus dead). offspring (r = −.44) than average, but the pups had a higher survival percentage (r = .40). These three correlations do not provide independent evidence of association between GST activity and reproduction, because number of litters influences total number of offspring and number of offspring per litter influences offspring survival.
Correlations between GST and UDPGT activities within the R−, R+, S−, and S+ groups were .21, .16, .20, and .29, respectively, none of which was significant.
Conclusions.
Mice from the R line were better able than S-line mice to cope with a toxin-containing diet during continuous cohabitation. Within the first two parturitions, the diet-induced reduction in productivity of S mice was greater than that in R mice. As time progressed, differences between the lines in response to the toxin moderated. That is, R mice did not become more resistant, but S mice did become somewhat less susceptible with the passage of time. The toxic diet had a greater depressing effect on mature size of S than of R mice, particularly in males. Collectively, these and earlier results (Hohenboken and Blodgett, 1997) suggest better adaptability of R than of S mice to endophyte-infected fescue seed in the diet, reflected primarily through the impact of the + diet on prolificacy early in the animals' productive lives. Selection was successful in creating divergence in adaptability to the toxic diet.
Glutathione-S-epoxytransferase activity was higher in R than in S mice, regardless of the diet fed. However, UDPGT activities were similar among line × diet groups. Low correlations between reproductive traits and liver enzyme activities within line × diet groups suggest that other physiological mechanisms may be important in determining resistance or susceptibility to toxic challenge.
Implications
As in domestic herbivores, ingestion of endophyteinfected fescue impairs growth and reproduction in mice. However, mice selected for resistance to the condition are better able to tolerate that challenge. Selection in beef cattle for resistance to fescue toxicosis might ameliorate economic and biological hardships imposed by the disease. Previous work suggested that activities of two phase II liver detoxification enzyme families enable resistant mice to cope with the impact on growth caused by endophyte-infected fescue seed diets. Elevated glutathione-S-epoxytransferase (GST) activity was detected in adult female mice of the R line, but within line by diet groups, GST activity was not consistently correlated with reproduction. Other physiological mechanisms may be important to mitigate fescue toxicosis.
